This paper describes the synthesis and characterization of alkylidene pentamethylcyclopentadienyl imido tungsten(VI) complexes via h-hydrogen abstraction processes from suitable alkyl derivatives. Reaction of WCp*Cl 4 with one equivalent of NH 2
Introduction
The chemistry of transition-metal imido complexes [1] has been widely encountered throughout the literature in recent years, especially for their role as reactive intermediates in industrial [2] and laboratory organic syntheses [3] . Several p 5 -cyclopentadienyl imido complexes of group VI metals have been reported lately using several synthetic procedures [4] . Recently, our research group has reported alternative methods for the preparation of mononuclear cyclopentadienyl and cyclopentadienyl imido derivatives of molybdenum and tungsten in high yields [5] .
There has also been considerable interest in the chemistry of high-valent tungsten imido alkylidene complexes because these complexes are among the most effective early-transition-metal metathesis catalysts synthesized to date [6] . Recently, new types of metal alkylidene compounds have been reported by Boncella and co-workers [7] employing ancillary chelating ligands which confer greater stability to these complexes and provide a facile route to cationic materials with potentially greater olefin affinity [8] .
Our efforts have focused on employing cyclopentadienyl and imido groups as ancillary ligands to develop and study new tungsten alkylidene complexes. In this paper we describe the syntheses of new cyclopentadienyl imido halo derivatives of tungsten which are excellent starting materials for the preparation of alkylidene imido derivatives.
Results and discussion

Syntheses and characterization of chloro imido pentamethylcyclopentadienyl complexes of tungsten
A useful method to prepare cyclopentadienyl tungsten(V) chlorides is the oxidation of low valent tungsten carbonyl compounds with PCl 5 [9] . We recently reported [5] the synthesis of WCp*Cl 4 [10] 1 by oxidation of [WCp*(CO) 2 ] 2 with an excess of PCl 5 in toluene. The same compound can also be obtained by oxidation of WCp*(CO) 3 H [11] with an excess of PCl 5 in similar yields and shorter times.
Reaction of complex 1 with three equivalents of tert-butylamine and subsequent oxidation with half an equivalent of PCl 5 lead to the reported complex WCp*(N t Bu)Cl 3 [5] 2. In this reaction two excess equivalents of the amine are used to neutralize the HCl formed during the reaction. However, the synthesis of the arylimido complex WCp*(N-2,6-(Me 2 )-C 6 H 3 )Cl 2 3 requires the addition of a more basic amine [12] like triethylamine. Therefore, we isolated 3 by reaction of 1 with one equivalent of 2,6-(Me 2 )-C 6 H 3 -NH 2 and two equivalents of NEt 3 in toluene.
Complex 3 which was isolated as a brown solid in high yield is an air and moisture sensitive compound, soluble in aromatic hydrocarbons and chlorinated solvents, which was characterized by elemental analysis and on the basis of its reactivity.
Oxidation of 3 with half an equivalent of PCl 5 in toluene at 70°C gave to the tungsten(VI) imido complex WCp*(N-2,6-(Me 2 )-C 6 H 3 )Cl 3 4 as thermally stable but air and moisture sensitive microcrystalline yellow solid in good yield, which can be stored under argon for months without decomposition. Compound 4 is soluble in aromatic hydrocarbons and partially soluble in hot hexane from which it can be recrystallized. 
Alkylation of WCp*(NR)Cl
Alkylation of 2 with 1.5 equivalents of ZnMe 2 in hexane at room temperature gave 5 which was isolated in higher yield (70-80%) than that reported using MeMgCl as alkylating agent [5] . Similarly, complex 4 reacted with 1.5 equivalents of ZnMe 2 in hexane to give the trimethyl derivative WCp*(N-2,6-(Me 2 )-C 6 H 3 )Me 3 6, which was isolated as a very air and moisture sensitive yellow crystalline solid. Complexes 5 and 6 are soluble in aromatic and saturated hydrocarbons.
While looking for the formation of new alkylidene imido complexes, we studied their thermal and photochemical activation, with variable results. When a benzene-d 6 solution of 5 was heated in an NMR tube at 100°C over 24 h no significant changes were observed; complete decomposition occurred when the temperature was raised to 150°C and maintained over 12 h. Evolution of methane was detected by 1 H-NMR spectroscopy but it was not possible to characterize any organometallic product.
Thermal activation of complex 6 was also monitored by 1 H-NMR spectroscopy. Starting from a pure sample of 6, no changes were observed until the temperature reached 120°C and was maintained for 48 h. The starting material disappeared and evolution of methane and ethylene were observed leaving a mixture of at least two organometallic species which could not be characterized. The 1 H-NMR spectrum of this mixture showed signals due to Cp* and imido ligands bonded to tungsten in both products and a signal due to a methyl group bonded to tungsten in one of them.
However exposure of a benzene-d 6 solution of 6 to sun-light for 3 h gave a solution 1 H-NMR spectrum showing signals due to the starting complex along with two new doublets at l= 11.45 (d, J HH = 8.8 Hz, 1H) and l =9.49 (d, J HH = 8.8 Hz, 1H) and one singlet at l= 0.78, consistent with the formation of an alkylidene imido complex WCp*(N-2,6-(Me 2 )-C 6 H 3 )( CH 2 )(Me) 7 (Eq. 2). This compound could not be isolated because decomposition occured before the reaction was complete.
This observation led us to attempt the formation of potentially stable alkylidene imido complexes, using bulkier alkyl ligands such as benzyl and trimethylsilyl methyl. (9) WCp*(N t Bu)(O)(CH 2 Ph) 10 and toluene. Complex 10 was isolated as a microcrystalline yellow solid in quantitative yield and characterized by elemental analysis and 1 H-, 13 C-NMR spectroscopy. The two methylenic protons appear as two doublets (see Section 4). Complex 10 must therefore present a structure similar to the alkylidene imido derivatives already discussed.
The hydrolysis of 8 with 0.5 and 1.5 equivalents of water gave a mixture containing complex 10 together with other uncharacterized organometallic products.
Conclusions
Synthesis of new alkylidene cyclopentadienyl imido tungsten (VI) complexes has been achieved through h-hydrogen abstraction processes from suitable alkyl derivatives. These alkylidene complexes present a chiral tungsten center and are very stable due to the presence of cyclopentadienyl and imido groups as ancillary ligands.
These complexes should be suitable starting materials for cationic derivatives with potentially greater catalytic activity.
Experimental details
All manipulations were performed under an inert atmosphere of argon using standard Schlenck techniques or a dry box. Solvents used were previously dried and freshly distilled under argon: tetrahydrofuran from sodium benzophenone ketyl; toluene from sodium; hexane from sodium-potassium; CCl 4 over calcium chloride. Unless otherwise stated, reagents were obtained from commercial sources and used as received. Amines, NH 2 t Bu and NH 2 (2,6-(Me 2 )-C 6 H 3 ) were purchased from commercial sources, dried over sodium hydride and then purified by distillation under argon before use. Reagents MgBz 2 -(thf) 2 [15] and LiCH 2 SiMe 3 [16] were prepared according to literature methods.
IR spectra were recorded in Nujol mulls between CsI pellets, over the range 4000-200 cm − 1 on a PerkinElmer 583 spectrophotometer.
1 H-and 13 C-NMR spectra were recorded on a Varian Unity VXR-300 or Varian Unity 500 Plus instruments. Chemical shifts, in
In these cases, the h-hydrogen abstraction is a spontaneous process due to the bulkier alkyl ligands and it was not possible to isolate the trialkyl complexes even when the reactions were monitored at low temperature by NMR spectroscopy. In the second case, total alkylation was not possible even when an excess of the lithium agent was used, probably due to the steric demands of the bulkier trimethylsilylmethyl ligand.
The 1 H-NMR spectra of 8 and 9 show the presence of only one isomer, identified as the anti isomer by NOE studies. The higher stability of this isomer is probably due to the preferred orientation of the alkylidene proton, instead of the more hindered alkyl group, pointing toward the p 5 -pentamethylcyclopentadienyl ring. The spectra show singlets at l =10.24 and 10.63, respectively due to the alkylidene protons (Table 1) . In complex 8, the two methylenic protons of the benzyl ligand are non-equivalent due to the chiral character of the metal center and give two doublets at l=2.62 On the basis of the spectroscopic data and after comparison with similar complexes described in the literature [13] we proposed a three legged piano-stool structure whose apex is occupied by the p 5 -pentamethylcyclopentadienyl ring for these alkylidene imido derivatives.
When the same reactions were carried out at room temperature and manipulated out of the dry box in the presence of sun-light, new products, proposed to be WCp*(N t Bu)( CHPh)(OH) and WCp*(N t Bu)( CHSiMe 3 )(OH), were formed [14]. We were not able to isolate these complexes which always appear in the reaction mixture together with complexes 8 and 9, respectively. This observation led us to study the selective hydrolysis of complex 8. Reaction of 8 with one equivalent of deoxygenated water in n-hexane gave the oxo complex ppm were measured relative to residual 1 H-and 13 Cresonances in the benzene-d 6 used as solvent: 7.15 ( 
WCp*Cl 4 1
This compound was prepared following a method similar to that described by our research group [5] but using WCp*(CO) 3 H instead of [WCp*(CO) 2 ] 2 . PCl 5 (5.17 g, 24.8 mmol) was slowly added to a solution of WCp*(CO) 3 H (5.0 g, 12.4 mmol) in toluene (50 ml) and the mixture was stirred at 70°C for 12 h to give an orange solid which was filtered, washed with methylene chloride, dried in vacuum and identified as complex 1 by elemental analysis and comparison of its IR spectrum with reported data [5] .
WCp*(N-2,6-(Me
A stoichiometric amount of freshly distilled 2,6-(Me 2 )-C 6 H 3 -NH 2 (0.43 ml, 3.5 mmol) and two equivalents of NEt 3 (0.97 ml, 7.0 mmol) were added to a toluene (50 ml) suspension of 1 (1.6 g, 3.5 mmol) and the mixture was stirred for 24 h to give a brown suspension. The ammonium salt formed was filtered off and all volatile compounds were removed in vacuum yielding a brown oil. Recrystallization of the residue from n-hexane (30 ml) yields 1.78 g (75%) of brown-yellow crystals of complex 3. IR (CsI, cm A toluene solution of WCp*(N-2,6-(Me 2 )-C 6 H 3 )Cl 2 prepared by reacting WCp*Cl 4 (1.42 g, 3.09 mmol) with the stoichiometric amount of 2,6-(Me 2 )-C 6 H 3 -NH 2 (0.38 ml, 3.09 mmol) and two equivalents of NEt 3 (0.85 ml, 6,18 mmol) were treated with PCl 5 (0.32 g, 1.54 mmol). The color of the solution changed from brown to yellow-orange and after stirring for 2 h at room temperature the insoluble solid was removed by filtration. The toluene solution was cooled to − 40°C to give yellow crystals of complex 4 (1.18 g, 2.16 mmol, 70%). IR (CsI, cm 
WCp*(N t Bu)Me 3 5
This compound was synthesized following a method similar to that described by our research group [5] but using ZnMe 2 instead MgClMe as the alkylating agent. A 2.0 M solution of ZnMe 2 in toluene (1.81 ml, 3.63 mmol) was added dropwise at room temperature to a solution of 2 (1.2 g, 2.42 mmol) in hexane. The mixture was stirred over a 2 h period and then was warmed to room temperature. The suspension was filtered and the yellow solution was concentrated under vacuum to :5 ml and cooled to − 40°C affording 5 as a crystalline solid in 70% yield.
WCp*(N-2,6-(Me
A 2.0 M solution of ZnMe 2 in toluene (0.61 ml, 1.2 mmol) was added dropwise at room temperature to a solution of 4 (0.44 g, 0.8 mmol) in hexane (30 ml). The mixture was stirred over a 2 h period. The suspension was filtered to separate the ZnCl 2 formed and the resulting yellow solution was concentrated under vacuum to :5 ml and cooled to − 40°C to give 6 (0.27 g, 70%) as a yellow crystalline solid. IR (CsI, cm A solution of MgBz 2 -(thf) 2 (0.56 g, 1.59 mmol) in toluene (20 ml) was added dropwise at − 78°C to a suspension of 2 (0.5 g, 1.0 mmol) in hexane (20 ml), in the absence of the sun-light. The mixture was stirred over a 4 h period and then was warmed to room temperature. The suspension was filtered inside a dry box to separate the MgCl 2 formed and volatiles were removed from the resulting brown solution under vac-uum to afford an oily brown solid which was identified as complex 8 (0.51 g, 90% A suspension of 2 (0.5 g, 1.0 mmol) in n-hexane (20 ml) was cooled to approximately −78°C, then a solution of LiCH 2 SiMe 3 (0.28 g, 3.02 mmol) in n-hexane (15 ml) was added dropwise in the absence of light and the mixture was allowed to reach room temperature slowly followed by stirring for 12 h. After filtration, all volatile compounds were removed under vacuum leading to a oily brown solid identified as 9 (0.48 g, 95% A toluene (30 ml) solution of 8 (0.15 g, 0.26 mmol) was treated with deoxygenated water (4.7 ml, 0.26 mmol). After stirring for 12 h, volatiles were removed from the resulting yellow-brown solution and the residue extracted into n-hexane. The yellow solution was concentrated and cooled to −40°C affording complex 10 as a yellow mycrocrystalline solid (0.12 g, 98% 
